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In recent years, a vast amount of genetic material has been sequenced for various uses.  Up until recently the process of sequencing genetic material has been slow and time consuming.  New techniques in automation have brought a change as to how this sequencing is accomplished.  Automated processes use the same basic procedure and reactions as traditional methods, only more efficiently, more quickly, and for less cost.  This paper will explain how Sanger's traditional method of gene sequencing has been modified for automation to improve the speed and reduce the cost of the gene sequencing process.





It is possible, and commonplace, for the standard technique of DNA sequencing to start with a relatively small amount of genomic DNA, especially when used for forensics. Sequencing using electrophoresis requires at least one strand of  DNA for each nucleotide being determined, such that each strand is of a different length and ends in that particular nucleotide. In order to meet this requirement, a large number of cloned strands must be created from the originals so that the PCR product will be detectable and accurate. This process is called amplification, and like audio amplification, it improves the "signal-to-noise ratio" of the final result.





The traditional method of amplification differs little from the most modern methods. Two specific oligonucleotide primers are added to the DNA solution, which match the start and end of the DNA segment to be sequenced. Four types of nucleoside triphosphate ("NTP"; one for each base type) are then added to the solution, which will become the "building blocks" for the new DNA strands. Finally, Taq Polymerase, which is a heat-resistant form of DNA polymerase (the enzyme which catalyzes construction of the nucleotide chain) is added.





The amplification itself occurs in cycles, each consisting of three stages, which are repeated until the desired quantity and purity of DNA sub-strands are achieved. In stage one of the cycle, the solution is heated to 94°C, which results in denaturation of the DNA. This means that the chemical bonds between the two nucleotide chains that make up the DNA strand are broken so that the chains may separate. Stage two of the process may now proceed, in which the solution is cooled to 42°C. This allows the primers to hybridize to their complementary sequences on each end of the sub-strand to be duplicated. Finally, in stage three, the temperature is increased to 72°C, which is the optimal temperature for Taq polymerase to synthesize new DNA. Synthesis starts at the starting primer and proceeds in the 3' to 5' direction. The first cycle is now complete.





Each cycle results in an exponential increase in DNA strands, and the ratio of strands of the correct length to strands of incorrect lengths (the original template strands, and the strands that only either originate or terminate at a primer) increases drastically as well. After the third cycle, there are only two new useful strands per original strand, but by the end of cycle 30, there are over one billion new useful strands per original strand. Many strands of incorrect lengths were duplicated in the process however, and they must be filtered out before sequencing can occur. This is done by adding dyed molecules of slightly less and slightly greater length than the target strands to the solution, placing the solution in an agarose gel, and subjecting it to electrophoresis. This separates the molecules by length, and the desired molecules will reside between the two bands of dye. Once these molecules are extracted and purified, the amplification process is complete.





Automation of this process simply involves carrying out the same steps in an unattended manner. The part of this process which is most commonly automated is the thermal cycling, as it is tedious, time-consuming, and less accurate when performed manually. Technology for performing accurate temperature measurement and control has been available for many years, and is used routinely in other fields. For example, automated reflow soldering ovens used to process electronic circuit boards can hold temperatures within a few hundredth's of a degree using computer-controlled heat lamps and infrared thermal imaging devices. Software automatically adapts to the thermal characteristics of the board, which allows complex heating and cooling cycles to occur with near-perfect timing. The same technology is used in high-end DNA amplification thermal cyclers, except that resistive heating and temperature measurement is used instead because of the small physical size of the sample. The best thermal cyclers also contain refrigeration systems that actively cool the sample.





Since the number of strands in the original sample is generally not known very accurately, and since the thermal cycling exponentially increases this number, it is critical that an automated system be able to detect the current amount of useful DNA in the sample so that the correct amount will be produced. Older automated systems used a complex and error prone system of active measurement after each amplification cycle. In this type of system, a dye is added to the solution, which binds to the primers and gives off a faint chemiluminescent glow in the process. The solution is passed through an electrochemical cell that contains a magnetic collection device, which the DNA is attracted to. This concentrates the DNA so that the faint luminescence can be detected by a photomultiplier tube, and so that the other reaction products can be separated and disposed of. 





Newer automated systems use sealed reaction wells and passive detection of the DNA. A better dye is used than in the old systems. This dye is phosphorescent, which means that it creates light at one wavelength via stimulated emission in response to excitation by light at another wavelength. This results in more light being produced, and therefore gives a more accurate and detectable result. The light is passed through various lenses and filters and is detected by a photodiode or other light sensing device. The GeneAmp 5700 system, produced by PE Applied Biosystems, uses a charge-coupled device (CCD) image sensor array, which can detect the luminescence from 96 separate reaction wells simultaneously.  CCDs are highly sensitive at low light levels, and produce an accurate and relatively noise-free result.





Automated sequencing methods can vary greatly from the traditional Sanger's method. However, their underlying mechanism remains the same. The basic process that nearly all of them use is to perform PCRs against the amplified sample that terminate randomly at different nucleotides. Then the lengths or masses of the PCR products are measured, either directly or indirectly, and the sequence is determined from these results. 





The traditional sequencing method begins by adding deoxyribonucleoside triphosphate to the sample of amplified DNA. This acts as the substrate for replication, and is what allows the replicating chain to elongate. Dideoxyribonucleoside triphosphate is also added, which causes the chain to terminate randomly. Primer molecules are then added to the solution, which hybridize to the template DNA just as they did during the amplification process. The four nucleotides themselves, the deoxynucleoside triphosphates, are added at this point. The solution is then separated into four separate solutions, and a different type of dideoxynucleoside triphosphate (didNTP) is added to each one, which attach to the dideoxyribonucleoside triphosphate so that they will always be on the end of the chains. They are added in a ratio of 1:200 to the non-terminating nucleotides, and they are labeled so that they can later be detected. Finally, DNA polymerase is added to catalyze the reaction, and the solutions are subjected to the same type of heat-cool-heat cycle that was used in the amplification process (most likely at lower temperatures, though). 





Detection of the sequence can be done with either an indirect or direct method. Indirect methods involve separating the fragments by size or mass, and then detecting their layout with some sort of passive, indirect procedure. Gel electrophoresis is an example of such a method. Direct methods also depend on the size or mass of the fragments, but have the potential to measure it actively using a more invasive procedure.





One of the elements of the indirect processes that is crucial for good automated detection is the labeling of the didNTP or the primers. Until recently, radioactive labeling using phosphorus-32 was the most common method, but this isotope has a short half life (two months) and is potentially dangerous and difficult to dispose of, so it does not scale up well to large, high-throughput sequencing projects. This method also requires photographic equipment, similar to that which is used in x-ray imaging, in order to detect and preserve the results of the electrophoresis. This equipment is sensitive to moisture and cosmic rays, which makes the results more difficult to quantify accurately.





Because of these drawbacks of radioactive labeling, new dye-based methods have been developed for use in indirect sequence detection procedures, and they are beginning to enjoy widespread use. Depending on their composition, these dyes can be either bound to the didNTPs before they are added to the sample solutions, or they can be designed to bind specifically tot he primers so that they can be added directly to the samples.





One type of dye that offers an alternative to radioisotopic labeling is phosphorescent dye. It is similar in composition to the phosphor coating that is used in color cathode-ray tube displays, and it is what the GeneAmp 5700 used for PCR product detection in the amplification stage. When exposed to ultraviolet light, the phosphor crystals in the dye emit light at a lower frequency, which can be recorded on photographic film, or captured electronically using a CCD image sensor.





Another type is fluorescent dye, which has become very popular and can also be used in the GeneAmp 5700. This variety of dye emits light at very low levels under normal conditions, and a photomultiplier tube can be used to amplify it to a measurable level. An alternative to this is to 


expose the dye to high intensity light at the proper frequency, which causes it to emit significantly more light. A scanning laser can be used for the purpose of dye excitation, which allows for a data acquisition system to capture the results of the electrophoresis using a simple photosensor since the laser can pinpoint the region that it wants to detect. This eliminates the need for cameras, and provides more precise results due to the relatively small size of the laser beam.





One alternative to using light for exciting the dye is to use electricity. Electrochemiluminescent dye produces light when exposed to an electric charge. The advantage of this type of dye is that the most common commercially available example of it, TBR, is highly stable and can be subjected to many thermal cycles without breaking down. Eliminating the external light source also makes the detection system less complex. However, applying the electric charge can be problematic since it might cause further unintended electrophoresis, and therefore not many commercial detection systems employ this type of dye.





Sometimes, it is easier to avoid the issue of dyes and labeling altogether. Direct methods generally don't require labeling of the fragments, and they can be performed with less steps than indirect methods since the sample goes directly from the PCR stage to the detection stage. This is achieved by effectively merging the fragment separation and detection stages. Direct methods are often faster, less expensive, and require less raw materials than indirect methods.





One promising new technology for direct gene sequence determination is chip-based capillary array electrophoresis. This method uses thin tubes, or capillaries, in which the PCR product is inserted. The capillaries are embedded on a silicon or glass substrate, and are subjected to an electrical charge which causes separation of the fragments along the length of the capillary. Detection of the fragments can be performed using two different types of processes. The first type, which will be referred to as the "parallel process", separates the fragments first and then detects their location afterward. Detection can be performed by a CCD image sensor array built into the chip, or by a scanning laser. This particular process of sequence detection is actually more indirect than direct. The other type of detection, which is the "serial process", detects fragments while they separate, using a detector at a single location. This simplifies the detection somewhat and is a more direct procedure than the parallel process, but it increases the chance for error slightly. This is because the largest fragments must travel farther then they normally would to be able to reach the detection point. Capillary array electrophoresis is usually more accurate than traditional gel electrophoresis however, since the small size of the capillaries limits turbulence within them, and therefore produces less random noise in the data.





Another direct sequence detection technology utilizes scanning tunneling microscopes. These microscopes can "see" individual atoms, and may therefore be used to determine the molecular structure of DNA.  This is by far the most direct method, since PCR is not necessary, and amplification is not strictly necessary either. Such simplicity comes at a heavy price however, since it requires image data of each atom or molecule to be captured and analyzed. Since it does not exploit PCR, which automatically differentiates between nucleotides, visual identification of each nucleotide must be performed either by a human or a very powerful computer. Therefore, this is not a very fast process, although advances in computer processing speed and image analysis may make it viable and even preferable to other methods in the future.





The last direct sequencing technology that we will discuss is mass spectrometry. Mass spectrometry has been used in the field of physics for many years, but has only recently been applied to gene sequencing. Fragment separation is achieved by vaporizing the sample and subjecting it to a magnetic field. Sample vaporization can be performed using a powerful laser, a plasma field, or by some other ionization process. The magnetic field then separates the fragments in order of mass just like the electric field does in electrophoresis. As with capillary array electrophoresis, detection can be performed in serial or parallel, although the serial method is more common and viable. Parallel methods use a weaker magnetic field to create a "layout" of the fragments by mass, and detection is usually done using x-ray bombardment. Serial methods use a very powerful field to accelerate individual strands into a detection plate, and the mass of the strand is determined by measuring the "time of flight" of the strand. The main advantage of mass spectrometry is that it could potentially sequence an 800 base pair strand in about a minute, versus up to four hours for electrophoretic methods. Error rates are significantly lower as well.  This application of mass spectrometry is still in the early stages of research though, and can only reliably sequence up to 100 base pairs at a time. However, commercial sequencers based on it are now commercially available, such as the MassArray which is produced by Sequenom.





To give an overview, Sanger's method has been modified in ways which speed up and reduce the cost of Sequecing genetic material.  The amplification and PCR steps can now be done automatically for large quantities of genetic material in a fairly short period of time thanks to computers controlling the procedure.  Fragment assembly has also been refined when using the indirect methods for analysis.  Additionally, newer direct methods of fragment assembly promise to increase the speed and reduce the cost of this part of gene sequencing even more.  Lastly, with new technologies becoming available at such a high rate, methods of gene sequencing only stand to be improved by an even greater degree in the future.





�
REFERENCES:


Books:





Griffin, A. PCR Technology:  Current Innovations. Boca Raton, CRC Press. 1994.





Lynn, J., et al. New Methods of Automated Analysis of Protein Structures. New York, MSS 	Information Corp. 1973.





Kricka, L. Nonisotopic Probing, Blotting, and Sequencing. San Diego, Academic Press. 1995.





Perham, R. Instrumentation in Amino Acid Sequence Analysis. London; New York, Academic 	Press. 1975.





Journal Articles:





Sequencing Strategies and Tools. Human Genome News, Vol. 9, No. 3, 1998.





Downsizing Chemistry:  Chemical analysis and synthesis on microchips promise a variety of 	potential benefits. Science/Technology, Vol. 77, No. 8, February 22, 1999. 	http://pubs.acs.org/hotartcl/cenear/990222/down.html





Internet:





Genetic Research:  Microcalorimeter Focuses on Gene Sequencing: 	http://www.eeel.nist.gov/810.01/6898upd.html





SEQUENOM Uses MassArray to Sequence Section of Human Cancer-Related P53 Gene: 	http://www.sequenom.com/hotnews/press_release/pr33.asp





Physical Scientists May Be Key To Speedup of Gene Sequencing: 


	http://www.the-scientist.com/yr1991/may/research_910513.html


